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Available online 28 August 2009AbstractWe investigated the vertical structure of physicochemical properties in 27 lakes at Skarvsnes and Langhovde, Syowa Oasis, East
Antarctica, fromDecember 2003 to February 2004. The lakes were classified into three types based on their origin and geographical
characteristics: non-marine relic lakes, marine relic and lotic lakes, and marine relic and lentic lakes. We describe the physico-
chemical characteristics of each lake type. When the non-marine relic lakes were partly covered with ice, the water column was
stratified beneath the ice. In the non-marine relic lakes, during the season with no ice cover, physicochemical parameters were
uniform throughout the water column, probably due to frequent vertical mixing induced by wind force and thermal convection
within the shallow basins. Similarly, in marine relic and lotic lakes, lake waters appeared to be completely mixed because of a large
inflow of meltwater from glaciers and outflow to other lakes and the coastal sea. In the marine relic and lentic lakes, except for Lake
Himebati-ike, the lake water was vertically stratified with a strong halocline. In Lakes Suribati-ike and Hunazoko-ike, salinity was
very high (up to 20%) due to evapoconcentration. Lake Suribati-ike is a meromictic lake, with a monimolimnion developed below
10 m water depth.
 2009 Elsevier B.V. and NIPR. All rights reserved.
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There exist ice-free, terrestrial areas around the coast
of the continent of Antarcticadthe so-called Antarctic
Oases (Kusunoki, 1973). These oases are believed to* Corresponding author. Tel.: þ81 749 28 8307; fax: þ81 749 28
8463.
E-mail address: ban@ses.usp.ac.jp (S. Ban).
1 Present address: Graduate School of Agriculture, Kyoto Univer-
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1873-9652/$ - see front matter  2009 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2009.08.002have appeared following glacial retreat and isostatic
rebound after the last glacial maximum (Miura et al.,
1998; National Institute of Polar Research, 1986), and
they contain many lakes of varied origins, histories, and
hydrology (Simmons et al., 1993).
Syowa Oasis, located along the Soˆya Coast in East
Antarctica (e.g., Kudoh et al., 2009b), contains many
lakes ranging from completely freshwater to saline, with
the degree of salinity varying from slightly brackish to
more than seven times the salinity of seawater. Most of
the saline lakes in Syowa Oasis are considered to havereserved.
263S. Kimura et al. / Polar Science 3 (2010) 262e271originated via the evapoconcentration of lake waters
(Hirabayashi and Ossaka, 1977; National Institute of
Polar Research, 1986). Although several studies have
examined the physicochemical characteristics of
hypersaline lakes such as Lake Suribati-ike and Lake
Hunazoko-ike (Hirabayashi and Ossaka, 1977; Tomi-
naga and Fukui, 1981), there is limited information on
the vertical structure of physicochemical properties in
other lakes throughout Syowa Oasis. In the McMurdo
Dry Valley, it has been shown that the vertical stratifi-
cation of lake water has a strong influence on lake
ecosystems (Robert et al., 2000, 2004).
In the present study, we investigated the vertical
profiles of several physicochemical parameters in 27
lakes classified into three types based on their origin and
geographical features, and describe the physicochemical
characteristics of the three lake typeswithin SyowaOasis.
2. Materials and methods
2.1. Study site
Syowa Oasis (69e70S, 39e40E) is considered to
have been largely ice-free since ca. 20,000 years ago,
and consists of eight ice-free regions: Ongul Islands,
Langhovde, Breivagnipa, Skarvsnes, Skallen, Berrod-
den, Rundvagshetta, and Strandnibba (Miura et al.,
1998). The present study focuses on two of these
regions, Skarvsnes and Langhovde, located approxi-
mately 40 and 20 km south of Syowa Station,
respectively (Fig. 1), because these areas contain many
lakes of various types (Imura et al., 2003a). The
geographical characteristics of the studied lakes are
listed in Table 1. During the austral winter, the surfaces
of freshwater and saline lakes are covered by up to
1.7 m and <1 m of ice, respectively, and the ice-free
period consists of just several weeks during the austral
summer (Imura et al., 2003b).
2.2. Sample collection and measurement of
physicochemical parameters
Vertical profiles of selected physicochemical
parameters were collected from 27 lakes at Skarvsnes
and Langhovde from 26 December 2003 to 6 February
2004 (Fig. 1; Table 1). For measurements of nutrients,
dissolved organic carbon (DOC), and chlorophyll
a concentrations at Lakes Suribati-ike, Hunazoko-ike,
Kobati-ike, and Nurume-ike, water samples were
collected at the center of each lake using a 1.2-L
Kitahara-type bottle sampler at one to 14 depths,
according to the depth at the center of the lake.During sampling, we measured water temperature,
dissolved oxygen (DO) content, salinity, and pH at
1 m intervals using a portable water-quality checker
(TOA-DDK, WQC-22A, and DO-24P). At Lakes
Suribati-ike and Hunazoko-ike, salinity was measured
using a hand-held salinity refractometer (AS ONE, IS-
28E). At Lake Suribati-ike, DO contents were
measured using a Winkler-titration method, and sulfide
concentrations (mainly H2S) were measured using
a commercial kit (Gastec, Hydrotec-S) at each
sampling depth immediately after collecting samples
of lake water.
In the laboratory, after filtration of water samples
using a glass-fiber filter (Whatman, GF/F) for DOC
and a membrane filter (Millipore, HA) for nutrients,
DOC was measured in a total carbon analyzer (Shi-
madzu, TOC-5000A) and concentrations of NO2eN,
NO3eN, PO4eP, and SiO4eSi were measured using an
auto-analyzer (BRAN þ LUEBBE, AACS-II). NH4e
N concentrations were measured fluorometrically
using an ammonia analyzer (Kimoto Electric Co. Ltd.),
according to the method described by Maruo et al.
(2001). Chlorophyll a concentrations were measured
fluorometrically using a spectro-fluorometer (Turner
Design, A-10). A single measurement was taken in
each case.
3. Results and discussion
All the lakes in Syowa Oasis are glacial lakes,
formed by glacial activity during the period between
the last glacial maximum and the present day (National
Institute of Polar Research, 1986). The lake basins that
are less than ca. 20 m above sea level are considered
to have previously been the sea bed (Miura et al.,
1998). Accordingly, we classified the lakes into the
following two geographical types based on their alti-
tude and the presence or absence of marine relics (e.g.,
marine diatoms, foraminiferans, and mollusc shells) in
the bottom sediments (e.g., Kudoh et al., 2009a; S.
Kudoh, pers. comm.; Matsumoto et al., 2006; Tanabe
et al., 2008): 1) marine relic lakes, which formed as
isolated pockets of water on the sea floor after isostatic
uplift of the land following glacial retreat; and 2) non-
marine relic lakes, which formed via the inflowing of
meltwater from surrounding glaciers and snow into the
basins that developed after glacial retreat. In the
present study, Lakes Arisa-ike, Mago-ike, Oyako-ike,
Hunazoko-ike, Suribati-ike, Himebati-ike, Kobati-ike,
Nezumi-ike, and Nurume-ike are marine relic lakes,
while the remaining 18 lakes are non-marine relic
lakes (Table 1). Lake Akebi-ike, which is located
Fig. 1. Maps showing the locations of the lakes studied at Skarvsnes and Langhovde, Syowa Oasis, Antarctica. 1, Hotoke-ike; 2, Nyorai-ike; 3,
Ougi-ike; 4, Jizou-ike; 5, Kuwai-ike; 6, Arisa-ike; 7, Mago-ike; 8, Oyako-ike; 9, Tokkuri-ike; 10, Hunazoko-ike; 11, Suribati-ike; 12, Bosatsu-ike;
13, Naga-ike; 14, Nise-hyoutan-ike; 15, Hyoutan-ike; 16, Himebati-ike; 17, Magobati-ike; 18, Kobati-ike; 19, Namazu-ike; 20, Ageha-ike; 21,
Nezumi-ike; 22, Nurume-ike; 23, Akebi-ike; 24, Kami-kama-ike; 25, Ten-no-kama-ike; 26, Yukidori-ike; 27, Higashi-yukidori-ike.
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Table 1
Geographical and morphometrical characteristics of the studied lakes and sampling dates. Dashes indicate no data.
Area Lakes Geographical
typesa
Sampling
date
Altitude
(m)
Distance
from
sea (m)
Longitudinal
length (km)
Width
(km)
Area
(km2)
Maximum
depth (m)
Skarvsnes Hotoke-ike 3 26 Dec 2003 120 600 0.15 0.05 0.006 3.0
Nyorai-ike 3 28 Dec 2003 130 500 0.20 0.05 0.010 3.0
Ougi-ike 3 28 Dec 2003 110 e e e 0.003 2.6
Jizou-ike 3 30 Dec 2003 120 400 0.05 0.03 0.005 3.1
Kuwai-ike 3 30 Dec 2003 160 500 0.05 0.03 0.004 3.6
Arisa-ike 1 2 Jan 2004 5 e e e 0.008 1.7
Mago-ike 2 2 Jan 2004 5 e e e 0.017 5.8
Oyako-ike 2 3 Jan 2004 5 165 0.43 0.15 0.048 8
Tokkuri-ike 3 4 Jan 2004 55 e e e 0.018 4.1
Hunazoko-ike 1 5 Jan 2004 23 290 0.68 0.25 0.144 8
Suribati-ike 1 7 Jan 2004 33 400 1.07 0.78 0.515 32
Bosatsu-ike 3 15 Jan 2004 130 450 0.20 0.08 0.009 4.8
Naga-ike 3 17 Jan 2004 70 900 0.38 0.15 0.048 10.8
Nise-hyotan-ike 3 17 Jan 2004 85 e e e 0.012 6.3
Hyotan-ike 3 17 Jan 2004 75 965 0.37 0.22 0.053 12.4
Himebati-ike 1 19 Jan 2004 0 e e e 0.013 2.5
Magobati-ike 3 19 Jan 2004 60 950 0.20 0.03 0.010 5
Kobati-ike 1 19 Jan 2004 25 1100 0.24 0.18 0.041 12
Namazu-ike 3 21 Jan 2004 95 405 0.54 0.27 0.091 20
Ageha-ike 3 24 Jan 2004 70 e e e 0.012 5.5
Nezumi-ike 1 24 Jan 2004 2 e e e 0.005 3.2
Langhovde Nurume-ike 1 10 Feb 2004 0 30 0.31 0.16 0.035 16.2
Akebi-ike 3 10 Feb 2004 4 305 0.42 0.13 0.044 4.5
Kami-kama-ike 3 8 Feb 2004 70 355 0.36 0.02 0.044 4.5
Ten-no-kama-ike 3 8 Feb 2004 165 975 0.44 0.13 0.035 4.7
Yukidori-ike 3 6 Feb 2004 125 985 0.28 0.23 0.041 8.6
Higashi-yukidori-ike 3 6 Feb 2004 195 1800 0.53 0.53 0.148 19.5
a 1, Marine relic and lentic lakes; 2, marine relic and lotic lakes; 3, non-marine relic lakes.
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because of the high elevation of surrounding hills and
the lack of marine relics around the shoreline of the
lake (H. Miura, pers. comm.).
Marine relic lakes are divided into two types accord-
ing to theway inwhichwaterwas supplied to the lakes: 1)
lotic lakes, which possessed an open basin that received
inflow from snowmelt within the catchment and outflow
from other lakes; and 2) lentic lakes, which occupied
a closed basin without outflow. Most of the studied
marine relic lakes are lentic lakes, with the exception of
Lakes Oyako-ike and Mago-ike. Therefore, the lakes
investigated in this study are classified into three types:
non-marine relic lakes, marine relic and lotic lakes, and
marine relic and lentic lakes (Table 1).
3.1. Non-marine relic lakes
Five of the 18 non-marine relic lakes (i.e., Lakes
Jizou-ike, Nyorai-ike, Hotoke-ike, Kuwai-ike, and
Ougi-ike) were largely covered with ice (75e95% of
the lake surface) at the time of sampling (Fig. 2). Inthese five lakes, which are 2.6e3.6 m deep, thermo-
clines and haloclines were developed at 1e2 m water
depth due to the influence of ice-melt water. The
salinity was close to 0% at 1 m depth and increased to
0.1e0.7% below 2 m. Values of pH were around 8 at
1 m and decreased to nearly 7 below 2 m, except at
Lake Kuwai-ike, where pHs were vertically uniform.
Dissolved oxygen (DO) contents were generally above
the saturation level (70e170%), ranging from 10 to
17 mg L1. Such high values of DO may result from
photosynthesis by benthic algae within microbial mats
on the lake bottom (Kudoh et al., in press). Based on
continuous records from water temperature probes set
at several depths in the non-marine relic lakes and data
from lake-side automated weather stations, Tanabe
et al. (2008) and Kudoh et al. (2009a) reported that
vertical stratification disappeared immediately after the
melting of the ice cover in summer due to vertical
mixing by wind force and thermal convection.
In the remaining 13 non-marine relic lakes without
ice cover, except for Lakes Tokkuri-ike and Ageha-ike,
water temperature and salinity were vertically uniform,
Fig. 2. Vertical profiles of temperature, salinity, dissolved oxygen (DO), and pH in the non-marine relic Lakes Jizou-ike, Nyorai-ike, Hotoke-ike,
Kuwai-ike, and Ougi-ike at Skarvsnes, Syowa Oasis.
Fig. 3. Vertical profiles of temperature, salinity, dissolved oxygen (DO), and pH in the non-marine relic Lakes Tokkuri-ike, Bosatsu-ike, Nise-
hyotan-ike, Magobati-ike, Ageha-ike, Naga-ike, Hyotan-ike, and Namazu-ike at Skarvsnes, Syowa Oasis.
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Fig. 4. Vertical profiles of temperature, salinity, dissolved oxygen (DO), and pH in the non-marine relic Lakes Akebi-ike, Kami-kama-ike,
Ten-no-kama-ike, Yukidori-ike, and Higashi-yukidori-ike at Langhovde, Syowa Oasis.
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(Figs. 3 and 4). DO content was generally at the
saturation level (ca. 10 mg L1) and pH values were
8e9. In Lakes Ten-no-kama-ike and Yukidori-ike,
a steep gradient in pH was observed at 0e1 m water
depth. At Lake Tokkuri-ike, water temperature and
salinity were slightly higher at 3 m depth than at the
surface, probably due to the supply of meltwater from
snow. At Lake Ageha-ike, a thermocline and halocline
were developed at 3e4 m depth. Water temperature
was 2 C above these clines, but 8 C below.
Although we collected samples on only one occasion,
the existence of high DO contents below the haloclineFig. 5. Vertical profiles of temperature, salinity, dissolved oxygen (DO), an
Arisa-ike, and Nezumi-ike at Skarvsnes, Syowa Oasis.indicates vertical mixing throughout the water column;
therefore, most of the non-marine relic lakes can be
classified as cold monomictic lakes (Wetzel, 2001).
3.2. Marine relic and lotic lakes
Although Lakes Mago-ike and Oyako-ike were
classified as marine relic lakes, they contained values
of salinity of 0.05% and 0.02%, respectively,
throughout the entire water column (Fig. 5), possibly
reflecting a high water supply that may have flushed
out the saline water from the basins in the past. Water
temperatures were vertically uniform, being aroundd pH in the marine relic Lakes Mago-ike, Oyako-ike, Himebati-ike,
268 S. Kimura et al. / Polar Science 3 (2010) 262e2718 C and 4 C in Lakes Mago-ike and Oyako-ike,
respectively. Values of DO and pH were also vertically
homogeneous. The water in Lake Oyako-ike flows into
Lake Mago-ike and finally into the ocean. This water
flow among the lakes might have contributed to the
observed well-mixed nature (both vertically and hori-
zontally) of the lake waters. These types of lakes also
appear to be cold monomictic lakes.
3.3. Marine relic and lentic lakes
In the marine relic and lentic lakes, except for Lake
Himebati-ike, a strong halocline was developed and the
water column was vertically stratified. Lake Himebati-
ikewas well mixed, probably due to low salinity (0.02%)
and the shallow nature of the basin (Fig. 5). The values of
salinity inLakesArisa-ike andNezumi-ikewere 0.25 and
0.68% at the surface, respectively, and increased with
depth, reaching up to 4%at 1.5 m depth and 5%at 2 m,
respectively. DO contents in these lakes were 12.3 and
9.7 mg L1 at the surface, respectively, decreasing to
0.25 and 0.0 mg L1 below 1 m depth. Although both
lakes were situated within shallow basins and were free
of ice cover, a strong halocline was developed near the
lake bottom in each case.
At Lake Kobati-ike, the salinity was 0.8% above
2 m depth but 1.6e1.7% below 3 m, indicating the
development of a halocline at 2e3 m depth (Fig. 6).
Water temperature was <1 C above the halocline, but
increased to 6.4 C below the halocline before
decreasing again with depth. DO contents reached up to
ca. 12 mg L1 above 9 m depth, and were more thanFig. 6. Vertical profiles of environmental par20 mg L1 at 10 m depth (157% of the saturation
level). Concentrations of PO4eP, NO2eN, NO3eN, and
NH4eN were very low throughout the water column,
whereas concentrations of SiO2-Si were relatively high
(55e106 mM). Concentrations of DOC increased from
6 mg L1 at 2 m depth to 12 mg L1 at 9 m.
Chlorophyll a concentrations were <0.5 mg L1
above 5 m depth, but increased with depth thereafter,
reaching 14 mg L1 at 9 m depth.
At Lake Nurume-ike, a steep halocline was devel-
oped at 2.0e2.5 m depth (Fig. 7). The salinity was
1.5% above the halocline, but rapidly increased to
3.2% below the halocline. Water temperature was
2e3 C above 2 m depth, increased to 7.4 C at
2.5 m depth, and thereafter decreased with increasing
depth. DO contents were 9e13 mg L1 (80e100%
of the saturation level) above 10 m depth. PO4eP
concentrations were <0.9 mM above 7 m depth, but
showed an abrupt increase to 17 mM at 10 m depth.
The vertical profile of SiO2-Si concentrations is similar
to that for PO4eP. SiO2eSi concentrations were less
than 14 mM above 7 m depth, but increased to
124 mM at 10 m. Concentrations of NO2eN, NO3e
N, and NH4eN were very low (<0.2 mM) above
10 m depth. DOC concentrations were slightly lower
than those at Lake Kobati-ike, being 3.5 and
9.0 mg L1 at the surface and 10 m depth, respec-
tively. Although we did not measure a vertical profile
of chlorophyll a concentrations in this lake during the
study period, a concentration of 86.9 mg L1 was
recorded near the lake bottom in September 2004 (S.
Kudoh, unpublished data).ameters in Lake Kobati-ike, Skarvsnes.
Fig. 7. Vertical profiles of environmental parameters in Lake Nurume-ike, Langhovde.
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reported that Lake Nurume-ike is a meromictic lake
and that an anoxic monimolimnion is developed below
10 m depth. Kudoh et al. (2008) reported a large
population of benthic copepods (as found in the adja-
cent shallow coastal sea; Hoshiai, 2009) in the metal-
imnion (2e10 m depth) of the lake, despite the lake
having been separated from the sea by isostatic uplift
of the coast. It is possible that the copepod population
is able to survive in the lake because of the similarFig. 8. Vertical profiles of environmental paramsalinity to that of the shallow marine environment and
because the lake is oxygen-rich and warm relative to
the conditions in the adjacent sea.
At Lake Hunazoko-ike, salinity was high at the
surface (9.5%) and increased with depth, exceeding
20% below 2 m (Fig. 8). Water temperature varied
from 9 C at the surface to 22 C at 1 m depth, and
thereafter decreased with depth, reaching 10 C just
above the bottom. Despite the strong stratification, DO
contents were relatively high (6.6e15 mg L1).eters in Lake Hunazoko-ike, Skarvsnes.
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270 S. Kimura et al. / Polar Science 3 (2010) 262e271Tominaga and Fukui (1981) also reported an extreme
vertical variation in water temperature in this lake.
Given that an extremely low water temperature of
18.3 C has been reported throughout the water
column during the austral winter (Hirabayashi and
Ossaka, 1977), the strong thermal stratification
observed in this lake must develop during the short
summer period. The lake water is probably mixed
during most of the year, even when under ice cover.
PO4eP concentrations were below the detection limit,
and the concentrations of NO3eN, NH4eN, and
SiO2eSi were 3.4, 4e8, and 160 mM, respectively.
DOC concentrations were 65.9 mg L1 at the surface
(not shown), and chlorophyll a concentrations ranged
between 0.1 and 1.5 mg L1.
Lake Suribati-ike possessed the strongest halocline
observed in the present study, due to high salinity and
the great depth of the basin (32 m; Fig. 9). Salinity
was 4.8% at the surface, increased to 12% at 1 m
depth, and thereafter gradually increased with depth,
reaching 20% at 11 m. Water temperature varied
widely between 1.7 and 13.5 C, depending on the
vertical structure of salinity in the lake. The water
temperature was 5.8 C at the surface, increased to
10.2 C at 1 m depth, decreased to 1.7 C at 5 m
depth, increased to 11.8 C at 12 m depth, and then
decreased to 4.8 C at 30 m. The DO content was
12 mg L1 at the surface, increased to 22 mg L1
(176% of the saturation level) at 5 m depth, and then
rapidly decreased to 2.7 mg L1 at 12 m. H2S
concentrations were low at depths above 9 m, but
showed a prominent peak at 12 m, reaching up to
100 mg L1.
These results indicate that Lake Suribati-ike is
meromictic, as previously reported (Tominaga and
Fukui, 1981). Chlorophyll a concentrations were very
low (<0.1 mg L1) above 6 m depth, but a sharp
peak of 7 mg L1 was observed at 9 m. Although
another peak of 1.7 mg L1 was observed at around
14 m depth, this would have reflected dead or inactive
phytoplankton cells due to the lack of light penetration
below 10 m depth (authors’ unpublished data).
PO4eP concentrations were below the detection limit
above 9 m depth, but increased with depth, reaching up
to 59 mM at 12 m. NO3eN concentrations were low
throughout thewater column,whileNO2eNandNH4eN
concentrations increased with depth below 10 m,
although NO2eN declined again below 14 m depth.
NH4eNconcentrations reached481 mMat30 mdepth.
SiO2eSi showed a similar trend to that for NH4eN,
reaching 300 mM at 12 m depth. DOC concentrations
also increased with depth, reaching 103 mg L1 at
271S. Kimura et al. / Polar Science 3 (2010) 262e27116 m. Such high concentrations of PO4eP and NH4eN
have not been reported previously, even from eutrophic
lakes in the Northern and Southern Hemispheres (Horne
and Goldman, 1994). Even in Lakes Fryxell and Bonney
in the McMurdo Dry Valleys of Antarctica, which
evolved in a similar way to Lake Suribati-ike, the
maximum concentrations of PO4eP and NH4eN previ-
ously reported were 13 and 227 mM, respectively
(Robert et al., 2004).
DOC concentrations in Lake Suribati-ike were also
extremely high. The maximum value observed in this
study is 5e500 times higher than those previously
reported from eutrophic lakes in North and South
America, in which DOC concentrations were as high as
23.5 mg L1 (Morris et al., 1995; Williamson et al.,
1999). DOC concentrations even in Lakes Fryxell and
Bonney are as high as 15 mg L1 (Robert et al., 2004).
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